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Objective: To examine the interaction and relative contributions of frontal plane alignment and body
mass on dynamic knee joint loading in patients with knee osteoarthritis (OA).
Methods: We completed three-dimensional gait analyses and hip-to-ankle standing anteroposterior
radiographs on 487 patients with knee OA referred to a tertiary care center specializing in orthopaedics.
Results: Using sequential (hierarchical) linear regression, the interaction term (mechanical axis
anglemass) contributed signiﬁcantly (P< 0.001) to a model (total adjusted R2¼ 0.70) predicting the
external knee adduction moment, that included mechanical axis angle (R2¼ 0.37) and mass (R2¼ 0.06)
while controlling for age, sex, height, Kellgren and Lawrence grade, pain score during walking, gait speed,
toe out angle and trunk lean (R2¼ 0.25). When the sample was split into tertiles for mass, mechanical
axis angle accounted for 32e54% of explained variance in knee adduction moment. In the tertile with
greatest mass, results suggest a 3.2 Nm increase in knee load for every 1 increase in varus alignment.
When split into tertiles for mechanical axis angle, mass accounted for 6e10% of explained variance in the
knee adduction moment. In the tertile with the most varus alignment, results suggest a 0.4 Nm increase
in knee load for every 1 kg increase in mass.
Conclusion: Our ﬁndings describe the interaction between alignment and body mass on dynamic knee
joint loading, with the association between alignment and load highest in patients with the highest
mass. Our ﬁndings also emphasize the role of malalignment on knee load at all levels of mass, and have
implications for better understanding risk factors and intervention strategies for knee OA.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Approximately 17% of people greater than 45 years of age and 5%
greater than 26 years of age have symptomatic knee osteoarthritis
(OA)1. It is a leading cause of disability and increases the risk of
disability due to other medical conditions substantially2,3. Knee OA
that has progressed beyond the mild stage is responsible for the
majority of its burden, which is extensive2,4,5. Limiting disease
progression is therefore an important public health strategy, and
understanding risk factors for progression is imperative.
Malalignment of the lower limb and excess body mass are both
proposed risk factors for the progression of knee OA, presumablyto: T.B. Birmingham, Elborn
Ontario N6G 1H1, Canada.
).
s Research Society International. Pbecause of their contributions to increased joint loading6e11.
Although greater varus alignment is consistently reported to be
strongly associated with disease progression7,11, the effect of body
mass is less clear and may depend on the extent of malalign-
ment6,8,10. A plausible biomechanical hypothesis is that alignment
and body mass produce interaction effects on knee joint loading.
Speciﬁcally, excess body mass may modify the well-established
association between alignment and load on the medial compart-
ment of the tibiofemoral joint.We are unaware of previous research
that has directly tested for interaction between alignment and body
mass on knee joint load.
If a signiﬁcant interaction exists, one might expect patients with
malalignment and obesity to be at greatest risk for disease
progression. However, recent evidence from prospective studies is
somewhat inconsistent with respect to the effect of obesity on
disease progression in patients with malalignment6,10. Sharma
et al.9 reported that body mass index (BMI) was related to OA
severity in knees with varus malalignment. Felson et al.6 reportedublished by Elsevier Ltd. All rights reserved.
Table I
Participants’ demographic, gait and clinical characteristics (n¼ 487)
Mean (SD) Min, Max
Age (years) 46 (10) 20.0, 76.0
No. of males 363 (74.5%) e
Mass (kg) 90.6 (18.3) 43.2, 150.7
Height (m) 1.8 (0.1) 1.5, 2.1
BMI (kg/m2) 29.5 (5.1) 18.0, 49.0
Gait speed (m/s) 1.1 (0.2) 0.3, 1. 8
Toe-out angle () 12.1 (6.2) 6.9, 32.0
Trunk lean () 3.0 (2.7) 4.9, 20.3
Peak adduction moment (Nm) 46.1 (20.6) 3.1, 127.7
Peak adduction moment (%BWHT) 3.0 (1.1) 0.2, 6.4
Mechanical axis angle () 6.5 (5.6) 21.0, 22.1
No. varus/valgus limbs* 437/50 e
Pain score during walking (0e10) 3.1 (2.7) 0.0, 10.0
KL Gradey
No. 1/2/3/4 59/148/147/133 e
* Varus is deﬁned as <0 , and valgus as >0 .
y Higher Kellgren and Lawrence (KL) grades indicate greater disease severity.
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moderate malalignment, but not in knees with severe malalign-
ment. Alternatively, Niu et al.10 reported that obesity had no effect
on radiographic progression in knees with varus alignment. These
authors suggested that in varus knees, the excess load produced by
malalignment may be sufﬁcient by itself to cause progression.
Although this hypothesis is plausible and implies a greater role of
malalignment than body mass on knee load, we are unaware
of previous research that has evaluated the relative contributions of
alignment and body mass to knee joint loading in patients with
knee OA.
Several lines of evidence suggest that quantitative gait analysis
provides an appropriate means to measure knee joint load during
walking. In particular, the external adduction moment about the
knee, calculated as the product of the frontal plane components of
the ground reaction force magnitude and the lever arm, is a valid
and reliable proxy for the dynamic load on the medial compart-
ment of the tibiofemoral joint12e15. Importantly, in addition to
being affected by one’s body mass and lower limb alignment, the
knee adduction moment reﬂects an individual’s walking charac-
teristics and arguably represents a functional measure of dynamic
knee joint loading. Gait variables most commonly reported to be
associated with reduced knee adduction moments in patients with
knee OA include decreased walking speed16e18, increased toe out
angle14,18e20 and increased lateral trunk lean over the stance limb17.
Pain and disease severity may also inﬂuence the knee adduction
moment21. It is therefore important to consider these covariates
when evaluating the effects of alignment and body mass on
dynamic knee joint load.
Although clinical and biomechanical rationale suggests that the
effect of frontal plane alignment on the knee adduction moment
during gait may depend on body mass, this potential interaction
has not been previously described. The purpose of this study was to
examine the interaction and relative contributions of frontal plane
alignment and body mass on knee joint loading during gait. We
hypothesized that while controlling for other factors suggested to
alter knee joint load, there would be a statistically signiﬁcant
interaction between alignment and bodymass on the external knee
adduction moment. In the presence of signiﬁcant ﬁndings we
planned to describe the interaction by controlling for effect modi-
ﬁcation from two perspectives: one where the effect modiﬁer was
body mass and the other where the effect modiﬁer was alignment.
Methods
Participants
We included the ﬁrst 487 participants in an ongoing gait data
registry for patients diagnosed with knee OA who were referred to
a tertiary care center specializing in orthopaedics. The diagnosis of
knee OA was based on the criteria described by Altman et al.22.
Patients with rheumatoid arthritis or a concomitant neurological
condition were excluded. Participants’ demographic, gait and
clinical characteristics are presented in Table I. The study was
approved by the institutional research ethics board and all partic-
ipants provided informed consent.
Gait analysis
Patients underwent a 3-dimensional gait analysis using an 8-
camera motion capture system (Eagle EvaRT; MAC, Santa Rosa, CA)
synchronized with a ﬂoor-mounted force plate (AMTI, Watertown,
MA). Twenty-two reﬂective markers were placed on the patients in
accordance with a modiﬁed Helen Hayes marker set23. Extra
markers were placed bilaterally over the medial knee joint line andmedial malleolus during an initial static standing trial on the force
platform to determine body mass, marker orientation, and posi-
tions of joint centers of rotation for the knee and ankle. These four
additional markers were removed prior to gait testing. During the
gait analysis, patients were instructed to walk across the laboratory
at their typical walking speed while kinetic (sampled at 1200 Hz)
and kinematic data (sampled at 60 Hz) were collected during the
middle of several strides.
The external adduction moment about the knee was calculated
by commercial software from the kinetic and kinematic data using
inverse dynamics (Orthotrak 6.2.4; MAC, Santa Rosa, CA) and
custom post-processing and data reduction techniques previously
described24,25. Each lower limb segment (foot, shank and thigh)was
modeled as a rigid body with a local coordinate system that coin-
cided with anatomically relevant axes. Inertial properties of each
limb segment were approximated anthropometrically and the
translations and rotations of each segmentwere reported relative to
neutral positions as deﬁned during the initial standing static trial.
We used a numeric rating scale to assess pain levels during
walking, 0 representing no pain and 10 representing the worst
possible pain. Walking speed was calculated as the averagewalking
speed between successive foot contacts of the tested limb. Toe-out
(positive angle) was calculated as the angle between a line drawn
between the centre of the ankle and the head of the second
metatarsal and the forward progression of the body. Lateral trunk
lean over the stance limb (positive angle) was calculated as the
angle of a line drawn from the midpoint of the anterior superior
iliac spines to the midpoint of the anterior tips of the acromion
processes with respect to vertical. All gait variables were calculated
by averaging across ﬁve trials for each patient. We have previously
reported excellent test-retest reliability of the peak knee adduction
moment (Intraclass Correlation Coefﬁcient (ICC2,1)¼ 0.86)15. We
have also previously reported acceptable reliability of gait speed
(ICC2,1¼0.92), toe-out angle (ICC2,1¼0.69), and trunk lean angle
(ICC2,1¼0.91) measurements17.Radiographic analysis
Frontal plane alignment and Kellgren and Lawrence grades of
severity were assessed using hip-to-ankle bipedal standing ante-
roposterior radiographs and custom computerized software26,27.
Patients stood with the patellae centered over the femoral condyles
and feet straight ahead to control for effects of foot rotation on
measures of lower limb alignment28. The X-ray beamwas centered
Table II
A summary of regression models (dependent variable: peak knee adduction
moment)
Model Adjusted
R2
R2
change
P
Trunk leanþ toe outþ painþ heightþ ageþOA
gradeþ gait speedþ sex
0.25 0.25 <0.001
Trunk leanþ toe outþ painþ heightþ ageþOA
gradeþ gait speedþ sexþMAA
0.62 0.37 <0.001
Trunk leanþ toe outþ painþ heightþ ageþOA
gradeþ gait speedþ sexþMAAþMass
0.68 0.06 <0.001
Trunk leanþ toe outþ painþ heightþ ageþOA
gradeþ gait speedþ sexþMAAþMass
þ (MAAMass)
0.70 0.02 <0.001
Table III
Mean (SD) for peak knee adduction moment (Nm) for subgroups of patients based
on tertiles of mechanical axis angle (MAA) andmass. NegativeMAAvalues represent
varus alignment
MAA>5
(mean¼ 0)
MAA: 5 to 9
(mean¼7)
MAA<9
(mean¼12)
Mass< 80 kg
(mean¼ 72 kg)
26 (10) 39 (10) 50 (13)
Mass 80e100 kg
(mean¼ 89 kg)
31 (15) 47 (10) 56 (15)
Mass> 100 kg
(mean¼ 111 kg)
37 (16) 56 (16) 72 (22)
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was determined based on each patient’s leg mass. The mechanical
axis angle of the lower limb was used to quantify alignment in the
frontal plane and was deﬁned as the angle formed between a line
drawn from the centre of the hip to the centre of the knee and a line
drawn from the centre of the ankle to the centre of the knee29,30.
Negative values indicated varus alignment. Positive values indi-
cated valgus alignment. The center of the hip was identiﬁed as the
geometric center of the femoral head using a circular template, the
center of the kneewas identiﬁed as themidpoint of the tibial spines
extrapolated inferiorly to the surface of the intercondylar
eminence, and the center of the ankle was deﬁned as the mid-
width of the tibia and ﬁbula at the level of the tibial plafond. We
have previously reported excellent reliability of mechanical axis
angle measurements using this method (ICC2,1¼0.97)27.
Statistical analysis
We used sequential (hierarchical) linear regression models to
test the hypothesis that a statistical interaction exists between
alignment and mass on dynamic knee joint load, while controlling
for other factors suggested to affect knee loading. Speciﬁcally we
created an interaction term by multiplying mechanical axis angle
by mass (MAAmass) and tested whether it contributed signiﬁ-
cantly to a model predicting peak knee adduction moment, that
also included mechanical axis angle, mass and other independent
variables that affect knee loading31. We tested four, hypothesis
driven models. Independent variables in the ﬁrst model included
age, sex, height, Kellgren and Lawrence grade, pain score during
walking, gait speed, toe out angle and trunk lean angle because
these variables have been previously reported to affect knee
adduction moments14,16e21. We then added mechanical axis angle,
mass and the interaction term (MAAmass) in three separate
sequential models to determine the contribution of each of these
variables. We repeated these three sequential models while
reversing the order of adding mechanical axis angle and mass.
Following a signiﬁcant interaction, we split the sample into
subgroups based on tertiles for mass andmechanical axis angle and
calculated descriptive statistics for the peak knee adduction
moment for each of the nine subgroups. To investigate the inter-
action when the effect modiﬁer was body mass, we tested three
separate models within each tertile of mass, after excluding mass
and the interaction term from the model. Mechanical axis angle
was added in a separate step to determine its contribution to the
model in each tertile of mass. Similarly, to investigate the interac-
tion when the effect modiﬁer was alignment, we tested three
separate models within each tertile of alignment, after excluding
alignment and the interaction term from the model. Mass was
added in a separate step to determine its contribution to the model
in each tertile of alignment.
Results
Results of the unstratiﬁed regression analyses are presented in
Table II. The interaction term (MAAmass) contributed signiﬁ-
cantly to the full model. There were no substantial differences in
results when we repeated analyses while reversing the order of
adding mechanical axis angle and mass to the models. Means and
standard deviations for the peak knee adduction moment for nine
subgroups based on the tertiles for mechanical axis angle and mass
are presented in Table III. The regression coefﬁcients and total
explained variance for the regression models within each tertile of
mass and mechanical axis angle are presented in Tables IV and V,
respectively. After controlling for the other variables in the model,
the effect of alignment on knee adduction moment was shown toincrease from the lowest-to-highest mass tertiles illustrating mass
modiﬁed the relationship between alignment and knee load (Table
IV). The addition of the alignment term in thesemodels contributed
32%, 54% and 44% of explained variance, respectively. After
controlling for the other variables in the model, the effect of mass
on knee adduction moment was shown to remain relatively
constant across the alignment tertiles suggesting alignment did not
modify the relationship between mass and knee load (Table V). The
addition of the mass term in these models contributed 6%, 10% and
9% of explained variance in the knee adduction moment,
respectively.Discussion
The present ﬁndings describe a statistical interaction between
alignment and body mass on dynamic knee joint load in patients
with knee OA. Speciﬁcally, the association between frontal plane
alignment and medial compartment load during walking depends
onmass, with a higher association observed in patients with higher
mass. For example, in the tertile with highest mass, our results
suggest a 3.2 Nm (approximately 6% of the mean value) increase in
knee adduction moment for every 1 increase in varus alignment.
These ﬁndings also describe the major role of alignment in
loading the knee’s medial compartment during walking. In all
regression analyses, mechanical axis angle contributes substantial
amounts (32e54%) of explained variance in the knee adduction
moment. Even in the tertile with lowest mass, results suggest
a 1.7 Nm (approximately 5% of the mean value) increase in peak
knee adduction moment for every 1 increase towards varus
alignment, while controlling for other variables in the model (Table
IV). Similarly, the means for peak knee adduction moment in the
patient subgroups with the lowest mass and more varus alignment
(39 Nm and 50 Nm) are greater than in the patient subgroups with
the highest mass and least varus alignment (37 Nm) (Table III).
Our results are consistent with the well-established major role
of alignment in dynamic knee joint loading24,32. Similarly, the
described major role of alignment in knee joint loading is
Table IV
Regression coefﬁcients and total explained variance in the peak adduction moments for mass tertiles
Variable Peak knee adduction moment
Mass< 80 kg (R2¼ 0.66, P< 0.01) Mass 80e100 kg (R2¼ 0.69, P< 0.01) Mass> 100 kg (R2¼ 0.61, P< 0.01)
B-coefﬁcient P B-coefﬁcient P B-coefﬁcient P
Constant 48.5 (87.2, 9.8) 0.014 94.8 (139, 50.6) <0.001 109.8 (169.2, 50.4) <0.001
Age 0.1 (0.01, 0. 3) 0.081 0.3 (0.1, 0.5) 0.002 0.1 (0.4, 0.2) 0.499
Sex 3.5 (0.4, 7.3) 0.07 9.8 (15.4, 4.2) 0.001 1.2 (9.1, 6.8) 0.776
Height 39.3 (16.3, 62.3) 0.001 69.9 (45, 94.9) <0.001 80.7 (46.3, 115.1) <0.001
Gait speed 4.6 (3.7, 12.9) 0.272 9.4 (0.1, 18.8) 0.052 9.9 (3.2, 23) 0.136
Trunk lean 0.6 (1.2, 0.1) 0.02 1.4 (2, 0.7) <0.01 0.9 (1.8, 0.1) 0.054
Toe-out angle 0.4 (0.6, 0.2) <0.001 0.2 (0.5, 0.1) 0.149 0.2 (0.3, 0.5) 0.454
MAA* L1.7 (2, 1.5) <0.001 L2.5 (2.8, 2.2) <0.001 L3.2 (3.7, 2.7) <0.001
OA grade 1.1 (0.6, 2.7) 0.206 2.4 (4.1, 0.6) 0.008 1.9 (4.9, 1) 0.196
Pain 0.2 (0.7, 0.4) 0.583 0.4 (1.1, 0.3) 0.229 0.1 (1.1, 0.8) 0.772
* The mechanical axis angle (MAA) adds 32% (mass< 80 kg), 54% (mass 80e100 kg) and 44% (mass> 100 kg) of explained variance when added to the models.
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a risk factor for progression of knee OA. Niu et al.10 report no
association between obesity and progression in knees with varus
alignment (Relative Risk¼ 0.9; 95% CI¼ 0.7, 1.1) and suggest that
the increased load on the medial compartment produced by varus
alignment alone is sufﬁcient to produce progression, and that the
excess load conferred by obesity may not be necessary as an
additional factor.
Our results also suggest an increase in the knee adduction
moment of up to 0.4 Nm (approximately 1% of the mean value) for
every 1 kg increase in mass. Although mass explained less variance
than alignment, these ﬁndings should not lessen the importance of
increased mass on excessive knee joint loading, or the importance
of mass reduction for patients with knee OA33e36. In fact, results
from our cross-sectional study are comparable with those of
Messier et al.37 who in a prospective study of mass loss in older
adults with knee OA suggested a 0.5 Nm reduction in knee
adduction moment for every 1 kg decrease in mass. Messier et al.37
emphasize that this equates to a four-fold reduction in knee loading
per step for every one pound lost, and given the thousands of steps
taken per day, is clinically important37.
Statistical interactions identify a relationship between an inde-
pendent and a dependent variable that is conditional upon the
value of a second independent variable38. More speciﬁcally,
a moderated causal relationship speciﬁes a focal independent
variable, a dependent variable and another independent variable
that moderates the relationship between the focal independent
variable and the dependent variable (i.e., moderator variable)39.
Tables IV and V illustrate a simple approach to understanding joint
loading in patients with knee OA, while accounting for the inter-
action between mass and alignment using the terminology ofTable V
Regression coefﬁcients and total explained variance in the peak adduction moments for m
Variable Peak knee adduction moment
MAA>5 (R2¼ 0.25, P< 0.01) MAA 5 to 
B-coefﬁcient P B-coefﬁcient
Constant 3.4 (46.4, 53.2) 0.893 82.5 (126.5
Age 0.1 (0.1, 0.3) 0.272 0.1 (0.1, 0
Sex 8.5 (2.7, 14.4) 0.003 0.1 (5.6, 5
Height 12 (43.1, 18.9) 0.443 56 (26.9, 8
Mass* 0.3 (0.1, 0.4) <0.001 0.3 (0.2, 0.5
Gait speed 19.6 (4.3, 34.9) 0.012 4.5 (4.7, 1
Trunk lean 0.2 (1, 0.6) 0.615 0.7 (1.5, 0
Toe-out angle 0.5 (0.8, 0.2) <0.001 0.2 (0.5, 0
OA grade 0.6 (1.7, 3) 0.609 2 (4, 0.1
Pain 0.5 (0.9, 0.8) 0.909 0.1 (0.6, 0
* Mass adds 6% (MAA>5), 10% (MAA 5 to 9) and 9% (MAA<9) of explainea moderated causal relationship. Because the assignment of a vari-
able to a focal or moderating role is a matter of perspective39, these
tables were structured to illustrate each component variable of the
interaction term as the effect moderator in the interaction.
Inspection of the beta coefﬁcient conﬁdence intervals for
mechanical axis angle in Table IV (see values in bold) shows that
mass moderates the effect of alignment on knee joint load by
increasing this effect at greater body mass. Conversely, the over-
lapping beta coefﬁcient conﬁdence intervals for mass in Table V
(see values in bold) show that alignment does not appear to
moderate the effect of mass on knee joint load to the same extent
because the effect of mass is relatively constant across increasing
amounts of varus deformity. Perhaps the clinical relevance of these
two perspectives about the nature of the interaction is a function of
treatment objectives. For example, when evaluating the effects of
interventions intended to alter alignment as the focal independent
variable, it is important to control for mass because it clearly
moderates the relationship between alignment and load, as shown
in Table IV. Conversely, Table V suggests when evaluating OA
treatments intended to decrease mass as the focal independent
variable, it may be less critical to control for alignment because it
does not appear to moderate the effect of mass on knee joint
loading. This knowledge about the nature of the interaction may be
clinically useful because weight reduction interventions may not
necessarily occur in a setting where knee alignment measures are
easily obtained.
Furthermore, our results complement and extend the work of
Sharma et al.9. They found that much of the association between
BMI and radiographic disease severity is explained by alignment,
reporting that the partial correlation between BMI and radio-
graphic disease severity is reduced from r¼ 0.24 (95% CI¼ 0.16,echanical axis angle (MAA) tertiles. Negative MAA values represent varus alignment
9 (R2¼ 0.47, P< 0.01) MAA<9 (R2¼ 0.50, P< 0.01)
P B-coefﬁcient P
, 38.4) <0.001 169.5 (227.3, 111.6) <0.001
.3) 0.156 0.2 (0.1, 0.5) 0.144
.7) 0.992 7.5 (14.6, 0.4) 0.038
5) <0.001 103.8 (68.1, 139.5) <0.001
) <0.001 0.4 (0.2, 0.5) <0.001
3.6) 0.334 19.8 (6.6, 32.9) 0.003
) 0.042 0.9 (1.7, 0) 0.05
.2) 0.32 0.1 (0.5, 0.3) 0.71
) 0.059 3.1 (6, 0.2) 0.038
.8) 0.705 0.1 (0.9, 1) 0.893
d variance when added to the models.
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the model. Our work builds upon this ﬁnding because it reveals an
interaction between mass and alignment when knee load, a key
intervening variable in the obesityeOA relationship, is the depen-
dent variable of interest. Further investigation of this interaction
may provide additional insight into the relational paradigm
between obesity and knee OA outlined by Sharma et al.9.
The present ﬁndings provide further rationale for interventions
intended to decrease mass, and in particular, to alter alignment in
patients with knee OA. However, limitations in the present cross-
sectional study design should be acknowledged when inferring
changes in knee joint load due to changes in alignment and/or body
mass. Potential limitations in the generalizability of ﬁndings based
on our sample should also be acknowledged. The present sample
was recruited from patients with longstanding symptoms referred
to a tertiary care centre that specializes in orthopaedics, including
surgical interventions. This may also help explain the unusually
high proportion of males in our sample, given the overall greater
prevalence of knee OA in women than men. Additionally, although
the external adduction moment about the knee is a valid and
reliable proxy for load on the kneemedial compartment12e15, and is
strongly associated with radiographic disease progression40, it
neglects the contribution from muscles and other soft tissues to
internal joint loading. Future prospective intervention studies
comparing the effects of changes in lower limb alignment and body
mass (including their combination) on measures of knee joint load
and disease progression are warranted.Author contributions
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